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ABSTRACT
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As a means of attaining a sterile spacecraft, design information is

required for liquid propulsion systems which can be heat sterilized in

the loaded condition without venting. An analysis was performed to

determine the values of the system operating parameters which mini-

mize the system mass. Results are presented for both internally and

externally pressurized tankage svstems. The tankage mass for steriliz-

able systems is approximately twice that for nonsterilizable svstems.

This will mean an increase of 5 to 10% in propulsion svstem mass for

tyvpical applications. The tankage mass is minimized when the tank is

60 to 70% filled with propellants ( prior to heating) in the externally

pressurized case and approximately 407 filled in the internally pressur-

ized case.

I. INTRODUCTION

A prime objective of future unmanned missions is the
search for life on other planets. In order to conduct such
experiments meaningfully, any spacecraft landing on the
planet or entering its atmosphere must be void of Earth
organisms. I not, the possibility will exist that “hitch-
hiking” organisms might find a climate favorable for
growth, perhaps even growth on a large scale; therefore,
it has become national policy that objects which enter
the atmospheres of other planets must be sterilized.
Currently it appears that the requisite degree of de-
contamination may be achieved only by extended expo-
sure to high temperatures (dry heat sterilization). A
typical requirement would be 24 hr at 293°F (1457C).

At present, there are two applications for sterilizable
liquid propellant supply svstems under consideration.
One is the touchdown rocket for a soft lander. This
mission would probably not be attempted until several
successful “hard” landings had been made. Since throt-
tling is a required characteristic of the touchdown sys-

tem. only liquid propulsion systems are being considered.
The other possible use is for the propellant supply svstem
of a turbine-driven torbo-alternator power supply svs-
tem. Ref. 1 has shown that this type of power supply
may have desirable characteristios for a limited-lifetime
lander.

\While the sterilization requirement has large impli-
cations on many spacecraft subsvstems, we are concerned
herein with the effects on propulsion systems. and on
fiquid propulsion systems in particular. A cursory study
of tvpical pressure-fed monopropellant and bipropellant
systems indicated that certain components could prob-
ably withstand the high temperature environment with-
out modification provided that:

1. Materials were used which were not incompatible
with the propellats at the higher tomperature

[

The system would not be required to function while
exposed 1o the clevated temperature,
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Thrust chambers and pumping system components
(valves, regulators, etc.) are examples of nonaffected sys-
temns, the formner because they must withstand high
temperatures during operation. and the latter as a con-
sequence of Provision 2 above,

The remaining major system elements are the pressuri-
zation sources and the propellant tankage and supply
system.

If consideration is limited to cold-gas pressurized svs-
tems, these may be eliminated for most cases of interest
by the following considerations. Normally, personnel
safetv considerations require that pressure vessels for
such svstems be designed with a vield stress safety fuctor
of 2.2, 11 it can be assumed that the sterilization may be
carried out remotely. the required safety factor would
be lowered to 1.1, Since the ratio of the <afety factors,
22/1.1 = 2. is greater than the ratio of the tank pres-

sure at sterilizution to that at ambient conditions, the
tanks wonld not have to be strengthened. [The tank
pressure rise is directly proportional to the jucrease in
absolute temperature. Therefore, this ratio would be
(293 - 460°)/(70° -+ 4607 1.4, The difference in
these ratios (2 versus 147 18 large enough to handie casily
such secondary effects as lowered allowable stress at the
bigher temperature.]

Elimination of the pressurization svstem leaves the
propellant tankage and supply subsystem as the one most
allected by the sterilization requirement. This ocenrs
because the vapor pressure of many propellants is a
very strong function of the temperature. While the
pressurization gas tank pressure would only increase by
40% as the temperature is raised from 70 to 2937F. the
propellant vapor pressure for some propellants increases
by an order of magnitude, Therefore, an analvsis was
undertaken to determine ways to minimize the penalties

which arise from this sncreased pressure,

H. EXTERNALLY PRESSURIZED TANKAGE SYSTEMS

A. Statement of Problem

Find the mass and wall thickness of a spherical pro-
pellant tank parametrically as a function of the thermo-

dvnamic and spatial variables of the propellant-tank

svstem. The following are given:
1. Operating pressure.
2. Tank material.
3. Weld factor and safety factors.

4. Propellunt mass and properties.

w

The ullage space above the propellant is pre-
pressurized to some fraction of the nominal operat-
ing pressure with an inert gas in equilibrium with
the propellant vapor.

6. The svstem is heat sterilized by raising the tompera-
ture from T, to T. without venting.

B. Analysis
1. Sterilizable Systems

For an initial tank of volume V, containing a propel-
lant of volume V., the ullage fraction =, is defined by

1,
m, =21 '-,—x-—‘~. (3

IV
Tu

The tank, flled to a certain =, is pressurized to a
fraction. =,. of the operating pressure P.,. The radius of
the tank will enlarge due to the pressurization and attain

the value
R., - Ru[l : ——‘%—J—} (2

where



Therefore, the prepressurized tank volume is

) 4 ] m, (1 v -
Vi, = — xR o ——— oy, e |,
“tp 3 Rm p (1 rr,,,‘{:l ' E ]

Since the term

(r - v

E
is very much smaller than unity {on the order of 10-%),
we linearize to obtain

. m, R S 1
S i ——-———————P’” (l = r,,?[l 3(r1 —-——-——'I: ] (4,

If the temperature is raised from T, to T. during a

Ty

sterilization cycle. a volumetric expansion of the tank
occurs due to thermal effects and to the concomitant
increased pressure. The propellant expands due to in-
creased temperature, but its volume change due to
increased pressure of the order to be considered can
casily be shown to be negligible. The change in radius
due to thermal expansion is given by

(R., — R,) = R,,a(T. - T,. (5}

The increased pressure inside the tank gives rise to a
new stress in the tank, ¢.. Had the tank expanded from
a condition of zero stress to o.. the change in radius due
to pressure effects would be

(1 -

(R'.'a - R!lr) = Rlu a E

{6

However, the tank actuallv expands from the pre-
pressurized condition at T, where the wall stress is o,
Hence, the change in radius due to the pressure rise is

(Rzp T R?;’») == (R;;; - Rw_) - (Rlp - Rn«) .
Substituting Egs. (2) and (6)

\R,. - R,;,) = R\ui}‘%i (U? - "'1) . (7\‘

The first-order total change in radius due to both the
thermal and pressure effects is

(R: — R,,) = (R:, - R,,) = (R, ~ Ry,

or, from Eqs. (2), (3). and (7)

R. = R;..[l + o U 1 U a(Ts — T,)] . W

where the higher-order terms have been neglected. Now
we have the new tank volume, namely
4

V,, = 3 »R?. {9

JPL TECHNICAL MEMORANDUM NO. 33-211

The increased pressure at T. is due to increased vapor
pressure of the propellant and to the heating of the
prepressurization gas. In order to calculate the partial
pressure, p., of the pressurizing gas at T.. we nse the
relation

p.V. p. V,
T. T, °

(10)

The difference between the tank volume and propellant
volume at either temperature is the volume occupied by
the gas. We write Eq. (10) as

or
Do (my P = o) o -[[«—————— ‘ (111

Since the propellant volume is known at each tempera-
ture from svolume = mass/density, substitution of
Egs. (47 and {9} into {11} vields

pe = (=, Py — o) (T/Ty)
Fg,,, Q____'l - ,,"}

L E

l.l © 2% (=) - BalTs ~ Ty~ 22(1 - r,,;]
Py

trl"’

(12}

To arrive at Eq. (12\. lincarizations of the following kind
were made:

(1<e+pr=1-3-33,
where €, 3 « 1.

The total pressure within the tank at T, is

P'.' = pP. ™ P

Note, however, that the pressure which stresses the tank
walls is the gage pressure. since the system under con-
sideration will not be sterilized in a vacuum,

The mass of the tank is found from

M. = dr g, RE LW

where

t, w - (13)
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and
P.~ P, ~ Put. {11
Thus. we have
; 3 I
v, A BPRW (15)
Za.

In order to obtain the desired expression for the tank
muss, we require an expression relating the density of
the tank material at the sterilization condition to the
density at T,, before prepressurization. Consider a vol-
ume element of the tank wall with edges consisting of
two orthogonal meridians and the tank radius. Let the
lengths along the two meridional directions be x and v,
and the thickness be t. The volume of the element is
Voo txy . (16)

Due to the internal pressure, there is a stress, oo in the
tank which gives rise to the following strains in the
meridional directions:

Axr Ay (1 - v} P
—_— T === T, T } i
x y "TE e
The strain in the radial direction is
At 2 v
—_ = ]S
; fa (18)

Taking the differential of Eq. (16}, the change in volume
of the element due to the strain may be written

\% Q Ay At
AY A Ay, At (19)
V x y t
Thus, from Eqgs. (17) and (18, we have the change in
volume due to the internal pressure:

AV o
- = = {2 — 4] . (2
( " >pr(.¢x E [ 4'1 ()0)
Since
M
pl
it follows that
AV Ap

The thermal expansion due to the heating of the tank
gives rise to the following strains:
Ax Ay At

= —= = — - qaAT.
X y t

The change in volume due to the heating is, therefore

AV
v JFromp

From Eqgs. (20}, (21), and (22}, the density change, due
to the combined effects of the internal pressure and
thermal expansion, is

= 3a AT . (223

A - o+ € R
SRR P Y12 4] + 3aaT,

I 1 I':

or
[ 0 a 5 3
e I S RS I TXV (23
ll‘ -

Substituting Eqs. (233, (14). (12), (8% and {3} into
(15}, the tank mass can be expressed nondimensionally:

M, 3 W . C

i—l—,,- 2 e fagy (1 - 1r,,)

emr- p(—T—-—X___(.F_.._ r}
P
[A — g - ‘lrﬂ]
pp:

T P T qums s

24)

where

and
C=1] —L{-(l + v).

Products of terms small compared to unity are neglected.

In order to obtain an explicit expression for the tank
wall thickness, note that

t, = t[l +a(T: = Th) ~ =% ] (25)

Substituting Eqs. (8), {12}, (14}, and (25) into (13), we
get




T W T ey e

This expression is of interest because 1 is the thickness to
which the tank would be built.

To obtain a functional relationship between . and
a., we again use Eq. (135, applyving it at both T, (pres-
surized) and T .. obtuining

o Pt Ry (m Py Puw)
o P, t, R. P!
R
w2 e n B

o
[

=l | R R T.—T) |
E F & et by

L <T:.Pug - qum:'

. . Lirow {3 -
[1 doal(T. - T - JI_:' Ty 3 ]
Il ]

1 - T\l ~y) faiT. - T, :I——
or
%_:_ (WPP,,,,P‘: P.... [1 - ((rg - (r;t,'(] - ;i] . (27)

where only first-order terms are retained.

Several practical considerations enter into the evalua-
tion of the foregoing cquations. These affect both the
stress term and the pressure term in equations like (15;
or {24). From the form of these equations. it may be
observed that the tank must be designed for the highest
ratio of p/e which must be accommodated. For the
current problem. three conditions must be considered:
{11 sterilization. (2; ground handling, and (3) #ight. A
discussion of the design requirements for these condi-
tions follows,

The allowable design stress at sterdization is
"l = fv_v fr T . (28)

o is the nominal or “handbook™ room temperature vield
stress of the tank material. The factor f, accounts for the
higher-than-room temperature at sterilization, (f, == 0.8
has been used hereindt f is the required <afety factor
at sterilization. which is set at 1/1.1 by the assuinption
that sterilization may be accomplished remotelv. The
pressure at T, s given by Egs. {12y and 114,
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For ground handling, the allowable stress is

[ J— 123 5
o, f” o, {29

where f., 1/2.2. The higher safety factor is required
for personnel safety when the tank is prepressurized,
The pressure in this condition is

P = Tp P”p o Patm . : (30\1

1

In flight, the factor of safety may be reduced to 1.1
since the vehicle is (hopefully) a long wav from people.
Thus

«1; o f_v g

where f. = f.. = 1/1.1. The pressure that must be with-
stood is the full P,,.

The in-flight and ¢round handling conditions may be
compared by examining the p/o ratios for the two condi-
tions. For the in-flight condition

) P.. ms
f_, “‘,,/1'.1 . 313

while for ground handling

P o P«,; B Pr."n.

. {32)
34 a/2.2 ’

Equnating (311 and {32} and substituting P,

and P,...

220 psia
14.7 psia, one obtains

Ty o 0.567 .

Thus. for =, >» 0.567. the ground handling condition wiil
be more severe than flight.

Now if the tank is designed such that o, o then o
will have a value which can be caleulated by means of
Eqgs. (27 and 124, This value of o, must be less than
ot or of . 1f such is not the case, then the tank must be
designed to satisfv the more restrictive condition, namely
ay 0 alor o) The value of . may then be calenlated
via the iteratise procedure and must be less than of,

Six propellants were anahvzed with the tanks designed
to the sterilization criterion, For most cases. the con-
straint

o < ! (33}

remdined satistied, The exceptions were the prapellants

with very low vapor pressures at T namely H O, and
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RP-1. For these propellunts, it would be necessary to
design the tanks on the ground handling criterion for
certain values of =,
criterion if =, < 0.067.

as shown below, or to the fight

Although it appears that in most cases propellant
tanks will be designed to satisfv the high temperature
criterion. an analysis was made to arrive at a relation-
ship which would enable one. given a particular propel-
lant and prepressurization level, to establish the range
of =. for which the high-teniperature condition is not
restrictive. This analysis and the resulte appear in Ap-
pendix A,

2. Nonsterilizable Systems
For comparison purposes, compntations were desired
tor nonsterilizable suvstems. The wuabsis for this case,

while it is a rather trivial version of the foregoing. is

- PREPRESSURIZATION FRACTION
»ANK MATERIAL: ALUMINUM 20i4-T6 ?
14
0.25} OPERATING PRESSURE: 220 psig -
ALLOWABLE STRESS OF TANK AT 293°F 43600 psi |
STERILIZATION TEMPERATURE - 293°F f
o WELD FACTOR: 2 B
z : , : { ' ‘ ‘
N : j ! ? ? I [T P 00%
; 0.20) - =g~ = o d e .oy e g
2 : N /190°/0 '
o 0 . 80%
@ s - e R
3 | ‘STERILIZABLE
] i
> X ' TANK
Z  ouasy — ¢
S |
[ V8] 1
z 4
~N R
N S Y
3 : i
a A {
> 4 ;
I i i
9 ouof—— = SN
Py i H
= i :
H} +
o ey
1 ; d .
5 z P ‘ ; ‘ -
0.08} -t — y /f-—m»- “-NONSTERILIZABLE ———
; . : ! TANK ,
i : : i ‘ ; : ; 3
; i : ' : : : i
] 10 20 30 40 50 60 70 80 9C
ULLAGE, %

Fig. 1. Ratio of tank mass fo propellant mass
for different prepressurization levels
in a hydrazine system

given below to obviate ambiguity, We may rewrite
E¢. 115+ in this case as

irp R, W P'

Mo e {541
2o, ‘

Substituting Egs. (3% and (257 into {34}, we obtain after
lincarization

M EEL[; 3l »;}(—WPJ‘, - Pa) 35:

\’ RS ;- E '\l v.!

As in the case of the sterilizable tank. there are two
conditions which the design sunst sutishy: operations on

the croomd ofe - 22 and in fight /0 = 113 Ay <hown
provionsh | the sround handling constraint 1c applicable
tor = = 0367, For =, < 0567, the flight condition is

applicable. and oulyv one corve is obtained since ol tanks
are stressed to o7 at a tank pressure of 220 psias There-

fore, this curve is a lower bound on the tank mass.

C. Results

The relationships presented pre'\i(md\' have heen eval-
wated to obtain tankage mass and thickness for several

0.35) 7 7~ T . o CoTm
7, = PREPRESSURIZATION FRACTION

TANK MATERIAL - ALUMINUM 2014 -T6&
030k~ OPERATING PRESSURE - 220 ps:o ——
I ALLOWABLE STRESS OF TANK AT 293°F 43600 ps:

i

g | STERILIZATION TEMPERATURE. 293°F
& O WELD FACTOR: 2 s
@ ! Vo ! ;
[’3) 3 l [ i V 3
g gzci, 1 ’; i B ‘ . o
> X | g STERILIZABLE % °100%
§ i il ¢ TTANK ] : |
[ ‘ [ v : ¢
a OB
=z i t
s -
x c
9 040 P
2 P
= t
| g
i
s.08 r S ,
. 1 [ — Ty i
i -~ NON ERM_«ZAB' £
' b 1 ‘ TANK :
o i L b e PO S S
o] 10 20 30 4C 50 60 70 8Q 30

ULLAGE |, %

Fig. 2. Ratio of tunk mass to propellant mass
for different prepressurization levels
in o IRFNA system




propellants of interest. The tanks were assumed to be
made of aluminum, 2014-T6 with a weld factor W of 2.0,
Calculations have been made for N.H,, IRFNA. N.O,,
UDMH, RP-1 and H.O.: results are presented in Figs. 1
through 20.

Plots of Eq. (24) for the sterilizable system and Eq. (34)

for the nonsterilizable system are given in Figs. 1 through
6. The sterilizable system curves were computed on the
basis that . = o, An indication is given of the limiting
value of =, for which this is a valid procedure. (See
Appendix A for method of caleulation.) Table 1 con-
tains values of =, .. determined from Figs. 1 through 6.
Ty oy 1 the value of =, which vields the minimum tank

MASS Np Oq TANK/MASS N, Og

o6

o3

o

541 S T ‘*7‘}”‘*7 .,._,u__]
i i : ! ‘ : i

|, T *PREPRESSURIZATION FRACTION
TANK MATERIAL ALUMINUM 2014-T6
OPERATING PRESSURE 1 220 psia
b—q-  ALLOWABLE STRESS OF TANK AT 293#:»_,;4_-_;
y 43,600 psia H i
- STERWIZATION TEMPERATURE * 293°F i
77 WELD FACTOR 2 T
i . ; e
v ! ! S ! Ly <100 %
- B e
by i, ‘ ‘ | so0% !
L 8 O S SN B 4 S T

4 STERILIZABLE

L _
: A
T Ty NowsTERILiZaBLE < BN e
1 TaNk . | /3
S e R R Ss e
; i : 100 % i
D . : . ; 7
H L i 1 5 r - ,74(.___7‘_,A
sl 4 . /}-—e T o ’4./, _.;
; B o B i - H {
- j L —E0%, ;
P : — i :
! i [ i i j
. TS I EES s R
— T . ; i : ! !
[ S SRS (U S S ]
30 40 5C [:34] (e 80
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Fig. 3. Ratio of tank mass to propellant
mass for different prepressurization
levels in a N;O, system
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Table 1. Optimum ullage fractions

33.211

Propetiont ol %
Hydrazine 30 1o 31
IRFNA 25510375
N.O, 44 to 48
UDMH 36 to 40
RP.1 27
H:0- 30

mass. For those cuses in which a ranze of =, ., is given,

the higher values of =, ... correspond to higher .

If onlv the value of =, ., is required. it may be com-
puted by differentiation of Eq. (24). since inspection of
this equation shows that only =, remains as a free vari-
able. This computation has been carried out; the details

are given in Appeudix B.

0.60 — SR —
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= ‘ : i :
> ! } BO%
P4 s S R ]
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=2 H o§
o | v ]
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O e e AT Rl 60% ]
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Fig. 4. Ratio of tank mass to propellant
mass for different prepressurization
levels in a UDMH system
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Fig. 5. Ratio of tank mass to propellant
mass for different prepressurization
levels in a RP-1 system

The important conclusion to be drawn from Figs. 1
through 6 concerns the relationship of the tank mass
requirements for sterilized and nonsterilized  svstems.
For the sterilized system, it is clear that the design
condition would be chosen close to =, ... For non-
sterilized systems, the choice is less obvious. In this study,
the idealized assumption has been made that both the
sterilized and nonsterilized systems would be loaded
and fired at a uniform temperature. In reality, a range
of temperatures would have to be accommodated, since
tight control of spacecraft svstem temperatures during
flight is quite difficult. Therefore. an analysis similar
to that of the sterilizable system is required even for
nonsterilized systems in the real case. While such is be-
vond our scope here, it is sufficient to note that values
of 5 to 20% for x, have been used in nonsterilized sys-
tems flown to date. Therefore, it is reasonable to use
=.’s in this range as base points for the unsterilized
svstemn in the system mass comparisons.
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Fig. 6. Ratio of tank mass to propellant mass for
different prepressurization levels in a H,0, system
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Fig. 8. Ratio of total tank mass to total propeliant
mass in a IRFNA-N,H, system

Table 2. Ratio of system mass for sterilizable
and nonsterilizable systems

Preprassurization jevel 60 % 100 %
Mass Mass
Propeliant ratio ratio

N:H, 1.8 1.7

IRFNA 2.7 2.3

N:O, 9.4 6.7

UDMH .7 2.3

RP.7 1.4 1.4

H.0, 1.6 1.6

A comparison of the masses for sterilized and non-
sterilized systems is given in Table 2. One may note that
the ratio varies from about 1.5 to 2.5 for propellants
which look at least fairly suitable for use in sterilized
systems. This comparison is based on the optimum ullage
fraction values given in Table 1.

If it were desirable to fill both the fuel and oxidizer
tanks to the same ullage, the value of «, which mini-
mizes the sum of the propellant tank masses may be

O00TI, - TANK WALL THICKNESS AT 70°F

r.= TANK RADIUS AT 70°F
L. . (1'_/&. L3 3

" (e a7
m: MASS HYDRAZINE
p = DENSITY OF HYDRAZINE AT 70°F
0008~ o = ULLAGE FRACTION AT 70°F
#: PREPRESSURIZATION FRACTION
TANK MATERIAL: ALUMINUM 2014 - T6
— OPERATING PRESSURE: 220 psio
ALLOWABLE STRESS OF TANK AT 293° 43600 ps:
STERILIZATION TEMPERATURE : 293°F
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Fig. 9. Ratio of tank thickness to tank radius
for different prepressurization levels
in a hydrazine system

determined from Figs. 7 and 8. for the N.O,-N_.H, and
IRFNA-hyvdrazine propellant combinations, respectively.
The optimum ullages are:

N.O, + Hyvdrazine: 43.5t0 46.2%
IRFNA -+ Hydrazine: 34 to 35¢¢.

At =, = 90%. with both the hydrazine and IRFNA
tanks filled to the above ullage, the optimum total tank-
to-propellant mass ratio is 0.109, compared to 0.108 for
the case where the =,’s were separately optimized. For
the N.O,-hydrazine combination, however, the cqual-
ullage ratio (=, = 90%) is 0.278, compared with 0.269
for the separately optimized tankage. The optimum
ullage ratio for cach tank would most likely be used in
this case.

Figs. 9 through 14 are plots of the ratio of tank wall
thickness to tank rudius at 70°F (mot prepressurized) as
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Fig. 11. Ratio of tank thickness to tank radius
for different prepressurization levels
in a N,O, system
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Fig. 12. Ratio of tank thickness to tank radius for
different prepressurization levels in a UDMH system
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Fig. 15. Propellant tank pressure at sterilization
temperature versus percent ullage for
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in a hydrazire system
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Fig. 16. Propellant tank pressure at sterilization
temperature versus percent ullage for
different prepressurization levels in
a IRFNA system
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Fig. 18. Propellant tank pressure at sterilization
temperature versus percent ullage for
different prepressurization levels
in a UDMH system

a function of ullage fraction [Eq. (26)]. The tank thick-
ness may be obtained by multiplving the plotted tank
thickness-to-radius ratio by the radius of the nnpressur-
ized tank. The latter may be determined from Eq. (3)
for any propellant mass of interest. It must be noted
that. for certain ranges of mass of propellant, a wall
thickness may be computed by means of Eq. (26} which
will be less than the minimum thickness which could be
manufactured. This will happen, depending on the pro-
pellant. at the lower prepressurization levels; in these
cases, the tank wall thickness must be increased to the
minimum thickness allowed by fabrication methods. This
value is typically about 0.015 in: however. no allowance
for this minimum thickness effect has been made in
Figs. 1 through 14.

The propellant tank pressures at the sterilization tem-

perature are plotted as a function of the vllage fraction
in Figs. 13 through 20.
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Fig. 19. Propeliant tank pressure at sterilization
temperature versus percent ullage for
different prepressurization levels
in g RP-1 system
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Fig. 20. Propellant tank pressure at sterilization
temperature versus percent ullage for
different prepressurization levels
in a H,0, system
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lil. INTERNALLY PRESSURIZED TANKAGE SYSTEMS

A. Statement of Problem

The iternallv pressurized propellant supply svstem
coutains, after loading. both the propellant and the
pressurization  gus required  for propellant expulsion.
Monopropellant  svstans only are in this
analysis. The propellant and gas are assumed to be sepa-
rated by a thin flexible membrane of negligible mass
which separates the propellant and the pressurant. That
part of the total tunk volume occupied by the gas is
defined as the pressurization fraction.

considered

During operation. the tank “blows-down” from its
initial pressure to @ minimum pressure. which is attained
at completion of the propellant expulsion. For a given
pressurization {ruction. the minimum pressare and the
temperature at which this minimum pressure is reached
determine the amount of pressurization gas which mmst
be loaded. After loading the tank with propellant and
gas. the system s heatsterilized without venting,

The problem under cousideration is to determine the
dependence of the tank mass and wall thickness as a
function of the minimum tank pressure and the flight
tcmperature of the system.

No detailed consideration is given the loading pro-
cess; the system, after loading, is assumed to be at a
nominal temperature of 70°F. Helivm is assumed as the
pressurization gas, and spherical propellant tanks are
employed.

B. Analysis

1. Sterilizable Systems

There are four states at which informmation is required
regarding the thermodynamic and spatial variables of
the closed system (propellant tank, propellunt, and pres-
surizing gas). Subscripts will indicate the state to which
the variables refer, as follows:

Subscript Definttion
1u System at loading temperature andd not presserived
ip Svstemy at loading temperature and pressurized
2 System at sterilization temperature
3 Swystemn at flight temporature
4 System at complete eapulsion of propellant

!

We define the pressurization fraction in the same way
ullage fraction has been previously defined:

Changes in the propellant volume due
can be shown to be negligible,

to pressure

From Eq. (365, we obtain

Ve M/
TS T

i

{3701

The tank is loaded to a pressure, p,. The gas then
cools to temperature of the surroundings, T, There must
he cnough gas loaded so that, at complete expulsion of
the propellant which occurs at T, the pressure in the
tank will be the required minimum, p,,.,..

In order to caleulate T, we assume a polytropic ex-
pansion process:

pe b - constant.

Included in determination of the value of k are such
considerations us the mass flow rate of propcllant; heat
conduction and radiation from the spacecraft to the tank
and from the tunk to the gas, the tank mass, specific heat
and conductivity; and the blow-down pressure ratio,

From the definition of a polytropic process, we have

'I“; \' kv
T (‘\_) - (38)
or
T, A WA R ,

The radius of the tank at T, will have changed slightly
from its value at T, before pressurization. From Eq. (8.

-

R, R”‘Ll Lo e

7wl ?] (401

13
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The volume of the tank at T, is. therefore,

- R:,,(l : k_\‘__‘ - 3 (T, - T-n]. (41)
L 2

The linearization is possible since the last two of the
bracketed terms in Eq. (41" are much smaller than unity,
We may write Eq. (41) as

3, (1 - )

v, - V,h[l - :

3T, - T,r] A2

Similarly.

S (1 - 0w
Vi, — \’M - _)l_____. .-
’ [] E

Substituting Eqgs. i42) and (43) into (39

30T - T, ] (130

BN | v . N \’1,, e
T, 1 ‘—}—-—* Jat (T T, TT
T P el v "[ — - 3T, ~ T
(44
Into Eq. (44 we substitute (37) to aet
T, =
Yo | - i
1 - ; — - 3T T Mg
T. - 1 #
1 2 ‘F Yo SuqT. T
43
The mass of gas in the tank is:
L p‘nw ‘,!4 3 3y
M RT (46
Substituting Egs. (45 and (12:. Eq. (46} hecomes
p,.,, " .\!,,/p“
M “RT. (] 1,
S l 4 ~
{:1 e —;—43—[*‘—‘ + :;tl(’lo - Tw\—’
> ’
1 r}"ll ~ o) 3(1’\1 Tn)“ t\] f//
Pr
1 .)"ri (;: v 3(1 (\Tg T) i
47

14

Abo, at loading.

T o il et .
T Y Yo l_l E | "
M Rt 7 RT,
{48:
where from Eq. (41 we have used
. . 3 (1
Vo, - \.,m[l R — ]
thatimtmq Eq. (371, we have
3oy (1 v
fi v ———
P M L .
AV B : . 41
! Re,. T. 1 -1, H
Eqguating Egs. (471 and (49 and solving for p.,
) ) L
18 Do T.
der, | 1 3! .
| 7 - 3T, - T,
N D e S — =
’ r Dur (l ] 4 —‘ o
Li - Fi 3 i1 T, -p—(} ]';.v‘
p
het o ! . (3t
(f o i1 ! )
L‘ g E

At the sterilization temperature, the pressure in the
tank becomes, in analogy to relation (124

T. [ 3e, (1 - 3
P?-’I'_‘i 1' fl]

P E T = ik
i DL BT . . Py,
1 - AT, T - (T -
l_ I'. §,.. _j
(51
From Eq. (15 the mass of the tank is
dr o R (po — Pl W
M. — . {32
Za.
It wus found in Eq. (23) that
. 2 4 -
g m[l "“r——\—l--‘—-— 3axT. - T"}} (331
By analogy to Eq. (40t given previously herein
i - i B
R. = R;,,[l AR L2 Jl‘ LA ai T T-)J . 34
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where, using Eq. (37)

N 3 .. ‘4 . 3 ;\I,./_,'i/,,l '
e[ [R5

Substituting Eqs. (53), (34), and (35) into (52). and
neglecting products of terms which are small compared
with unity

Jt

’\'JV

1 a.tl )
M, 3 W E ‘ "
57 Rl Ry s sl (LA S

The wall thickness to which the tank would be built
is wiven by relatious (26 and (12},

t E
R. Gy

Relationships between the wall stresses o, o, @ o, may
he obtained by analogy from Eq. (273 Thus, for auy two
tank gage pressures, p, and p., the corresponding wall
stresses are related by

Ty 1 [ fe (L4 1
AT B T . .
5 P E

The total svstem mass is the sum of the tank mass and
the mass ot the pressurization gas. Adding Fqgs. (49 and

(36 vields

58)

N 3, (1 v"‘—}
M.o-MO {f’ ' E _j

M, RT, »,, i
r-l s ":(1 vl
.3 W, E
-2 —';T-;;: ——-W (p. Paem).
(39}

2. Nonsterilizable Systems

By analogy from Eq. (36), the equation for tank mass.
in this case, may be written as

30, (1~ o)

M -3 W LA F N R S ()
M, 2 o pnm (I — £

with p, given by Eq. (30). Addition of M from Eq. {49
gives the following version of Eq. (59) for the non-
sterilizable case

(Do v
MooM _op L
M, RT, {(t — 1.
3a, (1 v}
- i ] . ....____1:__
L3 W el - Paw
2 o Fot (r - fl')
(61}
C. Results

Using the given mathematical relations, a computer
program was written; the results contained in Figs.
2] through 27 were calculated. Hydrazine and hydrogen

g 3 3 S
peroxide  propellants were considered  with  titanium
6414V as the propellant tank material, For 4 couserva-

Prog
tive estimate, & == 1.4 was used as the polvtiopic expan-
puoi
sion: coetlicient in Figs. 21 through 26. For comparison,
k = 12 was used to produce Figo 27 (Note: for iven-
i 8
tropic vxpansion of helium, & - 1 66,

Plots of Eqgs. {39 and (61) are given in Figs. 21 and 24,
Curves are given in Fig. 21 tor both sterilizable and non-
sterilizable hvdrazine systems for tank pressures at com-
plete expulsion of 200, 400, and 600 psi. The ordinate
for these figures is the sum of tank and heliom masses
divided by the propellant mass. The same information
for hvdrogen peroxide s given in Fig. 24, Additionally,
two curves are given in Fig. 21 for a steviizable ssstem
that would be loaded at 70 F and fired at O or 125°F
(Pow — 400 psia;. Figs. 21 and 24 show that the optiimum
pressurization fractions are near 60 and that the steri-
lizable systems are approximately twice as heavy as pon-
sterilized systems operating under comparable conditions.

The tunk pressures at sterilization and loading are given
in Figs. 22 and 25 for the hydrazine and bydrogen per-
oxide systems. respectively [Eys. (50), (51)]: Figs. 23 and
26 contain the tank thickness-to-radius ratio {Eq. (57)].

Curves of all of the resultant variables for K = 1.2 and
hydrazine {p... - 600 psi} are shown in Fig. 27, Thus,
the effects of changes in & may be determined by com-
panson of Fig. 27 with the appropriate curves of Figs.
21. 22, and 23. For example, one may observe that the
value of the pressurization fraction which vields the
lowest mass svstem increases as Kk increases. In Fig, 27,
the minirmun mass point occurs at f, - 0.34 while for
k = 1.4 (Fig. 21}, the optimum oceurs at f, = 0.57.
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APPENDIX A

Selection of Design Stress Condition

Assuming that the propellant tank is designed so that
a: = o), with ¢, determined via relationship (27), under
what conditions is ¢, < ¢/?

The correction factors for pressure and thermal effects
in Eq. (27) will be set equal to unity for simplicity,
although some error is thereby introduced into the analy-
sis. Substituting from Eq. (14), we have
P atm (7.’.

TP = -—a—;-. {A-1)

Pzt Pre —
("".vP up

Using the constraint (33) and Eqs. (28) and (29), we arrive
at the following

Pa -+ Pr> — Panu f:!ft
> = f.
7pPup - Purm fcl f

If we substitute Eq. (12), neglect the correction factors,
and rearrange terms, we obtain

Tu > f(xPoy = Patm) = (Pez = Pasm) )
1 — Lo (1 — r.) (Tz/Tl) {(7yPor — Pu)
P
(A-2)
The inequality is valid so long as both (=, P., — Pom)
and (=P, — p.) are positive. Furthermore
] W:Pn - P«Hm) e (pr: - P»z/m)
. 1 — _Por. . f( rl 9p
k-4 >[ prz (1 ”u)] (T;/T) (”ltpﬂr . P“) 3
(A-3)
if the inequality
1- 251 —x)>0
P
holds, that is, if
-
™= 22! (A-4)

The range of =, indicated by Ineq. (A-4) includes
those values which are used herein.

Letting

K = f(”-pop - Pa.’m) - (pv'z - Pulm)
(T_'/Tl) (Vppnp - Pm) ’

Ineq. (A-3) can be rearranged to the following:

r-(l - P-’lK) > (1 — ﬂf—‘)x
Poz oz

(A-5)

Given a propellant, the initial and final temperatures,
the operating pressure, »,, and tank safety factors, this
relationship tells us for what =, the constraint is satisfied.

In this analysis, the following are assumed:

f{ = 0.8
1
fo = 35
_ 1
foe = 1.1
Thus
f=16

The propellants analyzed along with the constraints of
relation (A-4) are listed for », = 0.9 and P,, == 220 psia:

Propellant K Py por
IRFNA 0.624 1.220
Hydrazine 0.975 1.125
N:O. —2.65 1.330
UDMH 0.641 1.230
RP-1 1.100 1.090
Hyvdrogen peroxide 1.050 1.111

Using these values in Ineq. (A-3) gives the following
range of =,, in which Ineq. (33) is satisfied, for the selected

pressurization level:

IRFNA
Hydrazine
N:O,
UDMH
RP-}

H.0:

= > —0.57
» < 122
we > 0.216
», > —0.70
< 052
r, < 0.89

The physically significant range of =, is defined using

Ineq. (A-4) as follows:

1— 22 cx <10

fipt

(A-6)
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Specifically, Ineqs. (A-5) and (A-8) are satisfied for the
following values of ~,:

These lower limits on ullage fraction {(indicated by
vertical dotted lines on Figs. 1 through 6; are. respec-

tively, the values for which pressure, and therefore tank
| IRFNA 0.18 < ro < 1 mass, go on to infinity.
Hydrazine 01 <ore < Thus, it is seen that for only RP-1 and H.O. wonld it be
N:0, 0.3 < w < 1 necessary to design the tank to the low-temperature cri-
UDMH 019 < v < 1 terion within a portion of the physically realizable range
of »,. However, the optimum values of =, for RP-1 and
RP-1 0.08 < 7, < 0.52 H.O., are 0.27 and 0.30, respectively. Therefore, it may
H.0. 0.1 <= < 069 be concluded that the high-temperature criterion will be
the limiting one for most cases of practical interest.
| APPENDIX B

Determination of Optimum Pressurization Fractions

The problem under consideration is to determine the B 1

optimum (lowest mass) ullage levels analytically.

If we assume o, fixed and therefore controlling the
value of ¢,, then from Eq. (24}, we have

M= fi{mnm} . (B-1)
From Eq. (27},

o, = f. P}
and from Eq. (12},

P, = fr {m)

Differentiating Eq. (B-1) with respect to =, gives

dM, _ +f. , f f. df.

el b e ——

(f?ru ;‘77‘, fu. FP: dvr., ’

e 3W 1
2

2 0 ppy (1 - 1.,)[:\ - &——(l — m)]
Py

(o Pop — pei} (I—) {A - B [l - -}i—gi—l]}
v T, pre 2

A-— Lo (1 - "'u)
Pr2

——————— T. 3"1‘\] ) .

T Rt ”“"’(‘ﬁ)[*‘“’é‘“ | }
[ (1 e r«>]}g .

fy:

f 3W,,, C
2. p (1 ) [A

e

: (p': o Pmm\[t“ o

_"1‘_(1 — ,,u)]

Pr

A T. 3(1 —
> (712P‘m ) Pm'(T"—) [——T"—] s

. (1 - yia,
—é-PT'Z N dP,.‘ 1 . (1 + l‘) (WPP(‘I' - Pll[m) AL Q :
i E T (

, _ Ay (1 e, , A(l“‘ U\)(w,,P,,;," Pter
('n'pP.,,. Purm)[l E P2 E

P’ pr - (l + ") (WI'PO;J B Ptl.‘m) aga ¢
B E
. (rDPD,p——. Po,’m\):ﬂg(l B L')
E ’

7 . (1 “‘ ",‘I ('?'1)"7' Pfllu:) o :
P, [Pz E }
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df. (T.
Tf_u - ("ansb = Py} (“T"')

{1. 3T T [1 ‘ ]{

[, « 3y Ba (T, T B - m‘!]
E Pp2

e

An order of magnitude analysis of these derivatives
shows that

4o

U%

"f‘ -~ 10
T

of.

wpr ~ 10

df. .
p P 10+,

Therefore, we neglect the second term on the right in
Eq. (B-2) and set /f./¢x. = 0 to obtain the extremum.
The same conclusion is reached if o. is considered vari-
able with v, fixed. Thus, we have the following quadratic
equation in =,

m[(r,,l’,,,, — P} (_f_) + {pry 7 Purw) (&5—>_J w
Py T‘. Py

.y . T.
+ (A o EL‘) {Prs — Pa!m’} 7y * {7y Pop — Pri) (”12;)
FPiz ) 3
hd —_— A - ALY 5 A -
{[ E ] Pp:

+ (A ~ ’;" ) (Prs = Pom) = 0.
pz

2o
Ppz f

Solving for (), (the optimum ullage point}:

C, = (C:~ Cy=, (B-3)

(_*“)npt ==

22

where

Ci. =

{7 Pop = Do (T/TH(BY + (A~ ppidppd e - Pl
E (7, Py - pe) (TSTy) #Apee = Pt lpni/ pye)

C.=

9.
(=i, P, — pJ(TA/T) [{\B" (A —:u—)]
Prz

PM/Pp'-' [("p Pau - Pn) (T‘./Tx} -+ (?": - Pu’m) (P:r!/.‘-’;‘;’]

2
N (A B fg‘—) (Pe: — Parw)
e

Pr‘\/Pp': [("'p P‘-W = Pl (Tz/Tx) + (Pr'z = Pusm) <Pf»1/Pp:\*]

3o, {1 — )
A= 2o T
E
_ Be (L)
B=—pg—.

If Eq. (B-3) indicates two positive values for {=.} .
then relation (A-6) in Appendix A may be used to deter-
mine which value is the physically significant one.

To use Eq. (B-3), a value for o, must be known. The
terms involving o, may be neglected (ie, set B = 1} with
the loss of accuracy in (7,),, depending on the propellant
under consideration. In all cases considered to date, the
error induced in ("".’)om by setting B = 1 would be less
than 1% . However, to include o,, an empirical relation
has been plotted to give o, as a function of p,,, a readily
available propellant property. This curve was derived
from the results for the six propellants which have been
analyzed. The computer program. which gave the data
for plotting Figs. 1 through 20. also gave o, at each ullage
level. For each propellant. the value of o. at (=), was
obtained, and this point is plotted against the vapor pres-
sure on Fig. B-1.

An illustration of the use of Eq. (B-3) follows for the
IRFNA propellant tank. Assume =, = 0.9. The param-
eters are:

T.  T753°R
T, 530°R
(7p Pop — Pov) = (0.9) (220) — 2.3 = 195.7 psi

e 0.05611b-in* 129
o 008 bns =

= 142

Per 7 Pogwm = 133 — 15 =7 120 psi

Tyl L (43600067 oo T
A -[1 3 e 83X 125 10%(223) |+ L0167,
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Fig. B-1. Room temperature tank wall stress versus vapor pressure at sterilization
From Fig B-1oa, o 16000 at p,. = 133, =, 09 Substituting into Eq. «B-3+
(mt,,. 0 0056 2 (0105
(160005 (0 = 0.056 + 0.324,
B —[“ G ‘lf)“ ] - 0.003 >
) The physically meaningful value is the positive one.
(""\)npv‘ - O;«SO .
= - 0.056 . . . )
¢ 056 This value may be compared with that of the optimum
= for Y% prepressurization on Fig. 2. Also. if B were
C. = -- 0105 to have been set equal to 0, (m.).,. would have been 0378,
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NOMENCLATURE

E  modulus of elasticity, bf/in.” T,

fo safety factor on tank vield stress during flight T.

fr  pressurization fraction T,

f«  safety factor on tank yield stress at T, T,

fs.  safety factor on tank vield stress at T.
7
f:  correction factor on nominal yield strength Vi Vi
due to high temperature (T.) Vit
k  polytropic expansion ratio Vi,
M mass pressurization gas, Ibm Ve
M, mass of propellant, Ibm V..
M.  mass of propellant tank, Ibm Vi
P,  atmospheric pressure, Ib{/in*
. V..V,
Pmin  tank pressure after complete expulsion
of propellant, Ibf/in. V.
P,,  nominal operating pressure, 1bf/in.? \&
P, P, total tank pressure at T,, T., Ibf/in.* w
P’ P, tank gage pressure at T,, T., Ihf/in* SRR}
P, p.  partial pressures of the pressurizing gas v
at T,. T., Ibf/in * .
Pei. P vapor pressure of propellant at T,, T.. 1bf/in.? -
R gas constant, Ibf-in./lbm-“R (ma), e
R,, radius of tank at T,, prepressurized, in. pr
R,. radius of tank at T, not prepressurized, in.
R., radiusoftankat T, p
{including pressure effects only), in.
R.. radius of tank at T. Puts pp2
(including temperature effects only), in. -
R. radius of tank at T (including both tempera- o
ture and pressure effects), in. "
R, tank radius at time of complete expulsion o
of propellant, in. !
t  wall thicknessat T, and o = 0, in. ,
U'_:
t,,  wall thickness at T\, prepressurized, in.
t.  wall thickness at T., in. o
t, tank wall thickness at T, in. o4
T  temperature, °R a5

lvading temperature, °R
sterilization temperature (> T,), °R
flight temperature, °R

temperature of gas at complete expulsion
of propellant, °R

volume of propellant at T, T, in.*
volume of tank at T, unpressurized, in.
volume of prepressurized tank at T, in.*
volume of pressurized tank at T_, in.®
volume of tank at T., in."

volume of tank at complete expulsion
of propellant, in.®

ullage volume at T, T., in.-

volume of pressurizing gas at T, in.-

volume of pressurizing gas at T, in.*

weld factor

coefficient of thermal expansion, { F)
Poisson’s ratio of tank material

traction of the operating pressure

ullage fraction at the unpressurized condition
optimum ullage fraction

density of tank material at T, (o, == 0)
Ibm/in.*

density of tank material at T, and o.,
tbm/in.

propellant density at T, T, thm/in.”

’

stress of tank material, 1bf/in.®
stress at P,, Ibf/in.-
stress at P, Ibf/in.*

allowable design stress at T, with safety
factor of 2.2 included, bf/in.*

allowable design stress at T, with safety

factor of 1.1 included, 1bf/in.?
wall stress at T., Ibf/in.®

wall stress at T,, 1bf/in.*
stress during flight, Ibf/in.*
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